Knowledge of how intermolecular interactions of amyloid-forming proteins cause protein aggregation and how those interactions are affected by sequence and solution conditions is essential to our understanding of the onset of many degenerative diseases. Of particular interest is the aggregation of the amyloid-β (Aβ) peptide, linked to Alzheimer's disease, and the aggregation of the Sup35 yeast prion peptide, which resembles the mammalian prion protein linked to spongiform encephalopathies. To facilitate the study of these important peptides, experimentalists have identified small peptide congeners of the full-length proteins that exhibit amyloidogenic behavior, including the KLVFFAE sub-sequence, Aβ 16−22 , and the GNNQQNY subsequence, Sup35 7−13 . In this study, molecular dynamics simulations were used to examine these peptide fragments encapsulated in reverse micelles (RMs) in order to identify the fundamental principles that govern how sequence and solution environment influence peptide aggregation. Aβ 16−22 and Sup35 7−13 are observed to organize into anti-parallel and parallel β-sheet arrangements. Confinement in the sodium bis(2-ethylhexyl) sulfosuccinate (AOT) reverse micelles is shown to stabilize extended peptide conformations and enhance peptide aggregation. Substantial fluctuations in the reverse micelle shape are observed, in agreement with earlier studies. Shape fluctuations are found to facilitate peptide solvation through interactions between the peptide and AOT surfactant, including direct interaction between non-polar peptide residues and the aliphatic surfactant tails. Computed amide I IR spectra are compared with experimental spectra and found to reflect changes in the peptide structures induced by confinement in the RM environment. Furthermore, examination of the rotational anisotropy decay of water in the RM demonstrates that the water dynamics are sensitive to the presence of peptide as well as the peptide sequence. Overall, our results demonstrate that the RM is a complex confining environment where substantial direct interaction between the surfactant and peptides plays an important role in determining the resulting ensemble of peptide conformations. By extension the results suggest that similarly complex sequence-dependent interactions may determine conformational ensembles of amyloid-forming peptides in a cellular environment. © 2014 AIP Publishing LLC.
I. INTRODUCTION
The experimental observation and computational simulation of protein aggregation present significant challenges associated with the treatment of multiple interacting proteins. 1, 2 Protein aggregation in vivo is often associated with long time processes that stand beyond the reach of current simulation time scales or reasonable experimental observation. A variety of approaches has been used to induce changes in secondary structure associated with protein aggregation such that it occurs on a time scale amenable to experimental and computational study. These approaches include the focus on protein addition to preexisting fibrils or aggregates, [3] [4] [5] the use of ena) A. V. Martinez and E. Małolepsza contributed equally to this work. b) Author to whom correspondence should be addressed. Electronic mail: straub@bu.edu hanced bulk protein concentration, 6 enhanced sampling methods ((Replica Exchange Molecular Dynamics, coarse-grained models), [7] [8] [9] and studying various lengths and segments of the amyloidogenic proteins. [10] [11] [12] [13] [14] [15] [16] One particularly promising approach is the confinement of aggregation-prone proteins within a reverse micelle environment. [17] [18] [19] Reverse micelles (RMs) provide an important environment for the study of protein folding and aggregation. In experimental and computational studies of RMs, perhaps the most commonly explored surfactant is sodium bis(2-ethylhexyl) sulfosuccinate (AOT). It has been shown that the size of a RM is partially determined by its water loading (w 0 ), which is the ratio of water molecules to surfactant molecules (w 0 =[H 2 O]/[AOT]). In a RM, it is possible to observe the effects that confinement and water activity have on protein folding, misfolding, and aggregation. Mukherjee et al. 19 performed experiments using AOT RMs to observe the effects of confinement and hydration on the aggregation of amyloidogenic peptide fragments Aβ 16−22 (NH + 3 -KLVFFAE-NH 2 ) and Sup35 7−13 (NH + 3 -GNNQQNY-NH 2 ). Unlike Aβ 16−22 , which is predominantly hydrophobic, Sup35 7−13 contains mostly hydrophilic amino acids. The two peptides have no amino acids in common yet both fragments aggregate into β-sheets characteristic of amyloidogenic proteins. 20, 21 Aβ 16−22 aggregates into antiparallel β-sheets and Sup35 7−13 aggregates into parallel β-sheets. 19, 22 For these reasons, the kinetics and thermodynamics of the early stages of aggregation of Aβ 16−22 23-27 and Sup35 7−13 10, 28-32 have been intensely studied. Notably, a recent comparative study of the kinetics of oligomer formation in these two peptides has provided insight into the nature of the mechanism of oligomer assembly. 33 These differences in sequence and fold morphology make them perfectly suited for detailed studies of the influence of confinement and hydration on amyloidogenic behavior. Using IR spectroscopy and transmission electron microscopy to analyze amide I transitions of the peptides, Mukherjee et al. were able to monitor aggregation rates for both peptides, which significantly increased in small RMs (w 0 = 6) as compared to bulk water. 19 Our previous computational studies of RM confined peptides followed earlier work by Mukherjee et al. 17, 18 in which the secondary structure stability of monomers of the 19-residue, alanine-rich AKA 2 peptide in spherically restrained and unrestrained AOT RMs and in bulk water was analyzed. 34 In agreement with experiment, these studies showed increased helical content for peptides in RMs as compared to bulk water. They also revealed that the shape of the simulated RMs fluctuated significantly allowing the peptides to interact with the AOT surfactant molecules in addition to the core water molecules. In more recent work, we calculated IR spectra of AKA 2 peptides in spherically restrained and unrestrained RMs. 35 The computed spectra were in good agreement with experimentally measured spectra for AKA 2 peptides in RMs. 17 The results validate our simulation model of AOT RMs and suggest that probing the features of these complex systems using simulation studies is an essential complement to experiment.
The aim of our present work is to capture early peptideenvironment and peptide-peptide interactions that induce secondary structure changes leading to aggregation. To accomplish this we have modeled monomers and dimers of the NH + 3 -KLVFFAE-NH 2 fragment of Aβ protein and the NH + 3 -GNNQQNY-NH 2 fragment of Sup35 protein in an AOT RM environment and in bulk water. An important motivation for this study is the exploration of the role of water in protein aggregation. We also compare the dynamics of water in an AOT RM containing amyloidogenic peptide dimers to the dynamics of water in an AOT RM in the absence of peptide. An additional focus is the characterization of peptide structure near a water-surfactant interface, and the potential role of the interface in facilitating the early stages of amyloid peptide aggregation.
Our results suggest that the RM is an important environment for the detailed exploration of the role of an interface between a nonpolar and aqueous phase in stabilizing aggregation-competent, intermediate states of amyloid peptides that may play an important role in the protein aggregation pathway.
II. MOLECULES AND METHODS
Symptoms of dementia consistent with Alzheimer's Disease (AD) are related to small aggregates of amyloid-β peptide (Aβ) oligomers present in the brains of AD patients. 36 The Aβ peptide varies in length from 38 to 43 residues and is a product of cleavage by γ -secretase of the amyloid precursor protein (APP). 37 Aβ peptides aggregate into oligomers, which in turn form protofibrils and fibrils. 38 Experiments by Balbach et al. determined that the seven-residue peptide KLVFFAE is among the shortest fragments of the Aβ peptide that forms ordered fibrils. 20 This sequence corresponds to residues 16-22 of the 42-residue peptide and comprises the region of Aβ known as the central hydrophobic core (CHC) -LVFFA.
Sup35 is an amyloidogenic protein found in yeast. In the cell, it participates in terminating translation. 21 Sup35 is similar to the mammalian prion protein (PrP), linked to spongiform encephalopathies, in that when misfolded it propagates this pathogenic state and aggregates into fibrils. 39 Sup35 is a large protein of which the first 123 residues are the prion-determining domain. Of these 123 residues, the shortest fragment that forms ordered fibrils is the heptapeptide GN-NQQNY (Sup35 7−13 ). 21 Molecular dynamics simulations were performed for monomers and homodimers of each peptide in reverse micelles of w 0 = 6. Triplicate simulations were run for the dimers of each peptide to increase sampling. Dimers were also simulated in bulk water for comparison. Table I contains a summary of the simulation details for all systems. Starting structures for the peptide monomers were random coils. For the dimer simulations, the structures were oriented randomly in the RMs and in bulk water.
All systems were generated using the CHARMM32 package with the CHARMM27 all atom force field for proteins and lipids and the TIP3P water model for CHARMM. 40 CHARMM parameters for AOT and isooctane were taken from the work of Abel et al. 41 To construct the RMs we followed the protocol as previously described. 42 
NAMD
43 was used for production runs. The cutoff for the short-range electrostatics calculations was set to be 12 Å, and particle-mesh Ewald was used for the long-range electrostatics. The temperature was held constant at 300 K, and the pressure was held constant at 1 atm using the Langevin Piston. 44, 45 SHAKE was used to constrain the length of bonds containing hydrogen atoms. Each trajectory was run for 50 ns using a 1 fs timestep and saving data every 0.1 ps. Analysis of all systems was performed using CHARMM, GROMACS, 46 MDAnalysis, 47 and VMD.
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III. RESULTS AND DISCUSSION
A. Peptide interactions with RM environment depend on sequence
As observed in previous studies, shape fluctuations of the reverse micelles facilitated significant interaction between the TABLE I. Simulation details for the composition of all simulations, including water loading (w 0 ), number of AOT molecules (n AOT ), counterions (n counterions ), water molecules (n H 2O ), isooctane molecules (n iso ), as well as production run time (t (ns)). n/a n/a 2 Cl − ∼5000 n/a 50 encapsulated peptides and surfactant molecules as well as water. Figure 1 shows representative snapshots of two reverse micelle systems. The hydrophobic side chains of the Aβ 16−22 peptide were observed to be strongly associated with the AOT surfactant molecules, particularly the aliphatic tails groups, and had minimal contact with the sodium ions. The polar Sup35 7−13 amino acids were observed to be associated with the charged head groups of the AOT surfactant, with some interaction with aliphatic AOT tail groups and sodium ions.
Observation of strong interaction with the RM environment is in agreement with previous computational work. 34, 35, 49, 50 For our simulations of Aβ 16−22 in AOT RMs, Figure 2 shows the average number of molecules (AOT head groups, AOT tail groups, and sodium ions) within 4 Å of each amino acid side chain of the monomers and dimers, respectively. The number of interactions for the peptides does not change significantly between the monomer and dimer systems, and in both systems there are significant hydrophobic interactions between the V 18 FFA 21 of the Aβ 16−22 peptides and the AOT tail groups.
In experimental structural studies by Beel et al. 51 on the 99-residue transmembrane C-terminal domain of APP, significant interaction between the V 18 FFA 21 region of the peptide and the detergent micelle was observed, with the two phenylalanines inserted into the nonpolar micellar interior and the valine and the alanine partially buried. These results suggest that interaction of this small peptide with the micelle interface resembles interaction of the same subsequence of the peptides in a detergent micelle. Figure 3 shows the number of water molecules within 4 Å of each Aβ 16−22 and Sup35 7−13 peptide over the last 35 ns of simulation for the monomers and dimers in RMs and the peptides in bulk water. For the Aβ 16−22 peptides in AOT RMs, hydration is comparable for the monomer and dimer systems. For the Sup35 7−13 peptides, the monomer is more hydrated than either of the peptides in the dimer simulation. As expected, for both Aβ 16−22 and Sup35 7−13 the peptides in bulk water are more hydrated than the peptides in RMs.
When comparing Aβ 16−22 and Sup35 7−13 , the polar Sup35 7−13 peptide monomer is more hydrated than the hydrophobic Aβ 16−22 peptide monomer. For the dimers in RMs, the hydration is almost identical with one peptide being more hydrated than the other. In all simulations, the majority of water molecules hydrate the AOT head groups within the first 10-15 ns of the simulations leaving a small number of waters available to hydrate the peptides. The hydration of the peptides in bulk water fluctuates significantly throughout the simulation leading to a broad distribution of hydration values. The Sup35 7−13 peptides in bulk water are less 
B. Peptide secondary structure impacted by RM confinement
In agreement with experiment 21 and previous computational work, 29, 39 the structure of the Sup35 7−13 monomer depends on sequence and is observed to be a random-coil. The Aβ 16−22 monomer is also observed to be predominantly a random coil, 23 but residues V 18 FFA 21 form a turn roughly half way through the simulation. A "turn" may be assigned when the hydrogen bonding pattern in a peptide is too short to be classified as a helix. The residues V 18 FFA 21 of Aβ 16−22 , which form the turn, also have significant contact with the AOT tail groups, suggesting this change in secondary structure may be stabilized by hydrophobic interactions.
The top two plots in Figure 4 show the secondary structure content distribution for amino acids of the Aβ 16−22 and Sup35 7−13 peptide dimers in RMs. Significant turn content is observed in the hydrophobic core of one of the Aβ 16−22 peptides, and most of the residues of one of the Sup35 7−13 peptides take on turn character. These changes in secondary structure suggest that interpeptide interactions influence the peptide conformational distributions in a way that stabilizes collapsed "turn" and extended strand structures, in the case of Aβ 16−22 , and extended strand structures, in the case of Sup35 7−13 .
The bottom two plots in Figure 4 show the distribution of secondary structure content of each of the residues of the peptides in bulk water. Larger fluctuations in the secondary structure of the peptides were observed in bulk water relative to the RMs. Aβ 16−22 peptides take on significant turn character, more so than in the AOT RMs. Sup35 7−13 peptides were observed to transition from random coils to α-helices.
Computational studies 7, 24, [52] [53] [54] [55] [56] suggest that these amyloidogenic peptides form stable β-strands. Our secondary structure calculations showed minimal β-strand content, but a significant population of extended structures. In the absence of β-strand content, a clear way to quantify the strand-like nature of a peptide is to compare its α-carbon end-to-end distance to the maximum end-to-end distance possible for a peptide with the same number of amino acids. We define the maximum end-to-end distance as L, where L = (N − 1) * a, N is the number of amino acids, and a (∼4 Å) is the distance between two consecutive α-carbons in a fully extended peptide backbone. 24 For the Aβ 16−22 and Sup35 7−13 peptides, N = 7 and L = 24 Å. observed for both Aβ 16−22 and Sup35 7−13 peptides in AOT RMs. The peptides in bulk water are observed to be more collapsed. As shown in Figures 3 and 5 , the two peptides in the dimer have distinct structural behavior, with different average solvation and extension. Our data suggest the presence of preferential interactions of peptides with the surfactant interface with a lifetime greater than 50 ns, indicating that "self-averaging" may only be achieved in simulations on a microsecond timescale or longer.
C. Calculated IR spectra indicate early stage peptide aggregation
In order to make a direct comparison between the modeled systems and experimental measurements, peptide amide I vibrational spectra were computed using a vibrational exciton model, in which the fundamental frequencies (FFs) and couplings are expressed as a function of electric field and van der Waals forces on the atoms of the peptide bonds. 57 In this recently developed approach, the fundamental frequency for a particular amide I mode is derived from a "map" parameterized as
in terms of the components of the electric field E iα and van der Waals force F iα at atom i (which includes the O, C, N, and H atoms of the peptide bond), where ω 0 is a static frequency (which may be taken as the gas phase value) and c iα and d iα are fitting coefficients as a function of the sum over α representing the x, y, and z coordinates. The amide I vibration which appears in the vicinity of 1650 cm −1 arises primarily from the stretching of the C=O bond in the peptide backbone. It is sensitive to secondary structure and environment, including hydrogen-bonding to water. 58 IR spectra were calculated for the amide I vibration of the peptides for the 50 ns of the simulations. The normalized spectra obtained from our calculation are presented in Figure 6 .
The lineshape for the Aβ 16−22 monomer presents a main peak at 1663 cm −1 and two minor peaks at 1629 and 1645 cm −1 . The Sup35 7−13 monomer has a main peak at 1661 cm −1 and a minor peak at 1618 cm −1 . The minor peaks reflect interactions between the peptide and the environment rather than structural characteristics of the peptide itself. For the Aβ 16−22 peptides in bulk water, there is a small shoulder at ∼1630 cm −1 reflecting the formation of a turn in the peptide backbones.
The Aβ 16−22 peptide dimer spectrum has a major peak at 1662 cm −1 and a minor peak at 1634 cm −1 . The Sup35 7−13 peptide dimer spectrum has a major peak at 1647 cm −1 and a shoulder at ∼1665 cm −1 . As discussed below, these curves show similarities and differences to the spectra measured by Gai and co-workers. [17] [18] [19] The lineshape for the Aβ 16−22 peptides in bulk water contains a major peak at 1657 cm −1 and a minor shoulder at 1630 cm −1 . The shoulder is not as pronounced as the minor peak for the monomer in the RM. It is possible that the minor peaks observed are due to the residues in a turn conformation. However, as turns absorb over a broad range, between 1630 and 1700 cm −1 , they can be difficult to identify. 58 The broad spectra are characteristic of peptides with little distinct secondary structure. 19 We note that in aggregates of full length Aβ, as well as aggregates of Aβ 16−22 , no prominent turn is observed in the 16-22 subsequence of the peptide, which tends to assume an extended strand conformation.
The lineshape for the Sup35 7−13 peptides in bulk water contains a major peak at 1664 cm −1 in addition to a minor peak located at 1639 cm −1 . The minor peak present in the Sup35 7−13 bulk spectrum may be due to the helicity observed in the peptides. As mentioned previously, experimentally Sup35 7−13 has a random-coil structure in bulk water. The CMAP correction in the CHARMM force field, employed in our simulations, is known to increase the helical propensity in peptides. 59 We have also calculated spectra for all systems, taking into account the initial and final 10 ns of dynamics, in order to observe changes in the spectra suggesting the observed early stages of peptide aggregation. Comparison of these spectra together with experimental data 19 is presented in Figure 7 . For the case of Sup35 7−13 and Aβ 16−22 as monomers in RM or as dimers in bulk water, we do not observe significant changes in the spectra over time. However, there is a distinct difference in dimer spectra in the RM. In the spectra of both Aβ 16−22 and Sup35 7−13 dimers, there is a slight red shift in the spectra calculated for the last 10 ns of dynamics. This red shift, when compared with the spectra for the monomeric peptides and the experimental spectra measured by Gai and co-workers, 19 suggests an early stage of β-sheet formation in the aggregation of the Aβ 16−22 dimer.
D. Aβ 16−22 peptides prefer antiparallel alignment and Sup35 7−13 prefer parallel alignment
Structural ensembles of the Aβ 16−22 and Sup35 7−13 monomers and dimers are expected to be diverse, as has been suggested by computational studies of oligomer function in Aβ 16−22 . 24 Computational studies suggest that the critical size necessary to form stable β-sheet aggregates is approximately 4 peptide strands for Aβ 16−22 7 and 5 peptide strands for Sup35 7−13 , 60 although some computational studies have shown the formation of stable two-and three-strand β-sheets for Sup35 7−13 . 10, 29, 31 To extract characteristic structures from our trajectories, we calculated the population density as a function of radius of gyration and percent extension for peptide monomers. For the dimers, we calculated population densities as a function of radius of gyration and the P 2 order parameter. The P 2 order parameter has been used to measure order in nematic liquid crystals 61 and associating amyloid peptides. 24 Values of P 2 approaching 1 indicate an ordered system in which peptides show parallel or antiparallel alignment. Decreasing values of P 2 indicate a disordered system. An often cited expression for this order parameter is
The unit vector,ẑ i , describing the orientation of the ith peptide is formed, from the vector connecting the N-and C-termini. The director vector,d, describes a preferred orientational order of the aggregate. When computing P 2 , we have used the standard definition 63 that P 2 is the largest positive eigenvalue of the ordering matrix Q, which is
where the subscripts α, β indicate the x, y, or z component. This approach eliminates the need to explicitly identify the director vector. The calculation of P 2 for a dimer aggregate of small peptides can be complicated by the fact that both collapsed and extended structures are present. If one or both peptides are collapsed, the peptide unit vector formed from the positions of the N-and C-termini no longer describes an overall orientation of the peptide (which requires an extended structure). In this study, we have only computed P 2 for dimer states involving peptides that show a significant degree of extension of 14 Å or greater (where the maximum extension is L = 24 Å). Figures 8 and 9 show population densities for peptide monomers in RMs as well as characteristic structures. The plots reveal that the peptides generally favor more extended structures, but collapsed configurations were sampled. Snapshots show monomers with their surroundings. Direct interaction between peptide and interface formed by the AOT surfactant appears to play a role in stabilizing extended structures of the Aβ 16−22 and Sup35 7−13 peptides. FIG. 8 . Probability density as a function of radius of gyration and percent extension for Aβ 16−22 peptide monomer in AOT RM. The snapshot shows a characteristic structure of the peptide in light pink with its surrounding water molecules (dark blue), AOT sulfur head groups (sulfur atoms in yellow and oxygen atoms in red), sodium ions (purple), and AOT tail groups (transparent), all within 6 Å of the peptide. Figure 10 shows distributions of the P 2 order parameter and the dot product of the peptide end-to-end unit vectors for the last 10 ns of simulation for the three Aβ 16−22 and Sup35 7−13 peptide dimer trajectories. The dot product between the two peptide unit vectors provides a more precise idea of the relative alignment of the peptides. When the dot product = −1, 0, or 1, the peptides are relatively antiparallel, perpendicular, or parallel, respectively. The breadth of the distributions results from the complexity of the disordered ensemble of peptide structures in the AOT RM environment available for dimer assembly. 23 We observe that Sup35 7−13 peptides are generally parallel with some degree of disorder. Aβ 16−22 dimer peptides are generally antiparallel, while showing larger structural fluctuations than observed for Sup35 7−13 . These plots demonstrate that while opposite ends of the peptides may be associated, the peptide alignment is variable. These interactions appear to influence the overall peptide alignment and account for the diversity of structures observed in Figures 8 and 9 .
E. Influence of solvated peptide on the orientational dynamics of water confined in RMs
The orientational dynamics of water confined in RMs has been the focus of a number of experimental and computational studies. It is recognized that while the rotational anisotropy decay of water in the bulk shows an exponential time dependence characterized by a single time constant, FIG. 9 . Probability density as a function of radius of gyration and percent extension for Sup35 7−13 peptide monomer in AOT RM (as described by Figure 8 ). water confined in RMs shows heterogeneous dynamics characterized by a distribution of decay times best modeled by a stretched exponential or power-law decay. 42, [64] [65] [66] This dynamical heterogeneity is characteristic of water in nanoscale confinement, including water in silica nanopores. 67 As an extension of the study of the relaxation of "neat" water nanopools in RMs, it is natural to ask how the presence of peptide solvated in the RM will impact the orientational dynamics of water. In particular, when comparing the rotational relaxation of water in the absence and presence of peptide, is it possible to distinguish differences that can be attributed to water in direct interaction with the peptide?
The orientational dynamics of the water OH bond can be described through the autocorrelation function
where P 2 is the second Legendre polynomial and u(t) is the unit vector along the OH bond at time t. Figure 11 shows Data for the latter system was derived from a previous study. 42 Table II contains parameters for fits of the rotational anisotropy decay to a piecewise continuous function formed from a short-time stretched exponential decay and long-time power-law decay.
Water in RMs shows faster relaxation in the absence of peptide than in the presence of either peptide system. The difference can be attributed to two factors. (1) The rotational anisotropy decay occurs faster for bulk water, and the largest percentage of bulk-like water occurs in the empty reverse micelle. The fact that the restrained empty micelle shows slightly faster relaxation than the unrestrained empty reverse micelle is consistent with that view. (2) Rotational relaxation of water in contact with the peptide will be characteristically different than water in bulk-like conditions or in contact with the surfactant interface.
The unrestrained RM with peptide (Aβ 16−22 and Sup35 7−13 dimers) shows similar relaxation to the restrained RM with peptide (Aβ 16−22 and Sup35 7−13 dimers) for t < 10 ps. However, for longer times it appears that the unrestrained RM with peptide shows faster relaxation than the restrained RM with peptide. In the restrained RM system, there appears to be slightly faster relaxation for the Aβ 16−22 system at long times relative to the Sup35 7−13 system. This is consistent with the fact that there is slightly greater hydration of the hydrophilic Sup35 7−13 dimer than the hydrophobic Aβ 16−22 dimer.
Overall, these results suggest that observation of the rotational anisotropy decay provides key insight into the nature of water relaxation near solvated peptides and can be used to distinguish sequence-dependent effects in water-peptide solvation interactions.
IV. CONCLUSION
Reverse micelles are a convenient model for examining the effects of confinement and hydration on the behavior of amyloidogenic peptides. Our simulations of Aβ 16−22 and Sup35 7−13 peptides indicate that the AOT RM environment is a complex one in which interactions with water and surfactant molecules, in addition to shape fluctuations in the RM, influence peptide aggregation and play an important role in determining the resulting ensemble of peptide conformations.
To a degree, the qualitative agreement with experiments validates our simulation model.
Structures of peptides in AOT RM environment were observed to be more extended than those in bulk, suggesting the AOT RM environment stabilizes structures of the peptide monomers compatible with the formation of β-sheet oligomers. Simulations of the peptide dimers in AOT RMs generally resulted in antiparallel alignment of the Aβ 16−22 peptide fragments and parallel alignment of the Sup35 7−13 peptide fragments. These observations are in qualitative agreement with experiments indicating (1) these amyloidogenic peptides are more aggregation prone in AOT RMs than in bulk water and (2) that Aβ 16−22 peptides aggregate into antiparallel β-sheets and Sup35 7−13 peptides aggregate into parallel β-sheets. Additionally, our calculated IR spectra show similar trends to those seen in experiment with Aβ 16−22 spectra being red-shifted in comparison to Sup35 7−13 , and spectra of the peptide dimers presenting features indicative of the initial stages of peptide aggregation. Finally, examination of the rotational anisotropy decay of water in RMs in the absence and presence of amyloid peptides indicates that the water dynamics are impacted by the presence of the peptide in a way that is sensitive to peptide sequence.
An important limitation of our model is that we assume a constant number of water molecules in a given AOT RM, which is taken to be the same in the absence or presence of peptide. Presumably in a more complex solution containing multiple RMs, the introduction of a peptide in a RM could change the chemical potential of water, creating a thermodynamic driving force to alter the total numbers of water molecules. Moreover, depending on the sequence of the peptide and its chemical composition, the equilibrium number of water molecules could vary. This could impact a number of observables, including IR spectra, peptide structure, and solvent reorganizational dynamics.
A recent study by Barz et al., 33 exploring aggregation of the two peptides studied in this work, identifies a sequencedependent mechanism. In that work, a special role in the mechanism of aggregation of Aβ 16−22 is identified for antiparallel dimers. It would be of interest to understand how those observations of sequence-dependent aggregation might be impacted by variations in water activity and confinement analyzed in this work.
Our results suggest that RMs provide a complex environment in which the competing effects of confinement, limited hydration, and interaction with interfaces on the structure and aggregation of peptides may be explored. By extension the results suggest that similarly complex sequencedependent interactions may determine conformational ensembles of amyloid-forming peptides in a cellular environment. To further quantify the effects of hydration and confinement on peptide aggregation, the study of small oligomers including trimers and tetramers in RMs may provide more insight into oligomer formation. Complementary studies of the same peptides at a membrane interface, when compared with results for bulk and RM confined systems, may be used to critically evaluate the proposed importance of membranes interfaces in peptide self-organization associated with amyloid formation.
